Most methods for the analysis of haloacetic acids published in recent years are based on ion chromatography with direct injection, employing a gradient elution with potassium hydroxide (KOH).
INTRODUCTION
The need to optimize drinking water treatment to attenuate the formation of disinfection by-products and the increasing implementation of a legal standard for haloacetic acids (HAAs), particularly in developed countries, has promoted the search for suitable and reliable analytical methods. For years, the method of choice has been based on gas chromatography (GC) coupled with electron capture or mass spectrometry (MSD) detectors. The EPA method 552.2 (Munch et al. ) solid NaClO 2 (>80%) and NaBrO 3 (>99%) were from Fluka, and solid KBr (ACS grade) was from Panreac. The mixture of 1.0 mg L À1 of each of the anions, F À , Cl À , NO 2 À , NO 3 À , HPO 4 ¼ , SO 4 ¼ , was also supplied by Sigma-Aldrich. All nine solutions of HAAs were diluted to 1 mg L À1 and kept refrigerated at <4 W C for no longer than 3 days. Individual and multicomponent solutions of all the standards were prepared and assayed for identification and calibration, using peak areas.
Analytical method developed
The following conditions for analysis were established. The MSD parameters were as follows: N 2 flow was used for electrospray at 11 L min À1 , a pressure of 55 psi and a temperature of 350 W C. 3.5 KV was used for ionization with a skimmer at À15 V and the capillary exit at À50 V. The negative mode was used for ionization. For the detection of the HAAs, the following masses were recorded: Each HAA was confirmed with two signals corresponding to the isotopic envelope. In the case of MCA, MBA, DCA, DBA and CBA, the ions corresponded to the deprotonation process, while the rest of the HAAs underwent in-source decarboxylation and that was the reason for the low mass signals.
Application to disinfected waters
Samples of municipal drinking waters from eight cities in the region of Castile and Leon (January 2012) were assayed.
To quench the reaction of free chlorine with the residual Figure 1 | Chromatogram of a multicomponent dissolution of the 19 standards (1 mg L À1 , apart from 5 mg L À1 for the trihaloacetic acids), once optimized, as recorded by the conductivity detector.
natural organic matter of water, about 0.1 mg of solid (NH 4 ) 2 CO 3 was placed in 120 mL amber vials before filling them with the water samples.
RESULTS AND DISCUSSION
Given that a number of drinking waters may be very rich in chloride and sulphate, a high-capacity column was chosen.
The following variables were studied: flow rate, concentration and mode of the eluent (isocratic or gradient), column temperature, and quantitation either by conductimetry or MSD.
Optimization of separation
Since the elution time was expected to be rather long, a first trial would be to perform the runs at temperatures higher than room temperature in order to accelerate the elution of the most strongly retained analytes. This option may be successfully applied in reverse-phase high performance liquid chromatography (HPLC), but regarding IC the behaviour is less predictable and even less so when the sample to be analysed is simultaneously composed of inorganic, organic and varyingly charged ions (Barron et al. ) .
Because of the contradictory results normally obtained, few authors have employed temperature gradients in ionexchange separations. Nonetheless, Barron et al. () studied this phenomenon and controlled the separation of the anionic disinfection by-products by programming temperatures higher than room temperature.
A constant temperature of 45 W C was set, after which elution in isocratic mode was carried out with 3.2 mM Na 2 CO 3 þ 1.0 mM NaHCO 3 at 0.7 mL min À1 . The individual injection of 20 μL of DCA or TCA (1.0 mg L À1 ) yielded three peaks: acetate, chloride and either DCA or TCA, respectively. This indicated a partial decomposition of both analytes, probably more pronounced because of their long retention time, during which they were exposed to this temperature. However, when MBA was injected it did not seem to be affected since it yielded a single peak in the same trialperhaps because its retention time was much shorter. Following this, a temperature of 25 W C was explored, with flows of 0.7 and 0.8 mL min À1 ; the aim of the latter flow was to speed up elution and reduce the time of exposure to this temperature. All nine HAAs were eluted without any apparent decomposition, this time DCA and TCA yielding a single peak, although again very wide (at the conductivity detector), but very clear (at the mass spectrometer detector), and also with a very long retention time. A multicomponent injection of the nine HAAs (1.0 mg L À1 ) provided complete resolution for all, but another multicomponent injection, this time with the nine HAAs (0.5 mg L À1 ) þ ten inorganic anions (0.5 mg L À1 ) revealed coelution of MBA þ Cl À , MCA þ BrO 3 À and BCA þ ClO 3 À þ Br À . On returning to a flow rate of 0.7 mL min À1 , this only resolved the latter coelution for bromide. for the elution were studied as follows. We tried to solve the above coelutions and reduce the long retention times of the four trihaloacetics, with their wide peaks. At minute 25 we programmed a gradient concentration of the eluent of up to five-fold the initial concentration of 1.6 mM Na 2 CO 3 þ 0.5 mM NaHCO 3 , with a flow rate of either 0.7 or 0.8 mL min À1 . Figure 2 shows the chromatograms recorded at temperatures of 35, 25, 15, 10 and 7 W C. A better resolution is perceivable as temperature lowers, but the coelution of BCA þ ClO 3 À could not be resolved. It may also be observed that inorganic anions can become advanced or delayed, depending on the temperature, without a definite pattern, as pointed out by Barron et al. () . A temperature of 7 W C was selected, with the eluent gradient beginning at minute 20, returning to the initial conditions at minute 66 for the next run. Figure 1 shows that the peaks of the trihaloacetic acids kept their wide shape, which impeded their quantitation by conductimetry. Thus, MSD remains as the only option.
Quantitation of BCA is made then by subtracting the value of ClO 3 À (conductimetry) from the whole peak area (MSD).
Most recently, published methods based on IC use gradient elution with KOH. As indicated above, this involves high pH values, ranging from 10.1 to 12.8. This may result in a partial decomposition of some of the HAAs through hydrolysis.
No in-depth study specifically addressing the extent of this phenomenon for the analytical process appears to have been published. Nevertheless, the use of a less alkaline eluent, such as that based on CO 3 2À /HCO 3 À , which operates at pH 10.25, will prevent it. In addition, no special care will be taken to prevent the formation of carbonate, as is the case for the sodium or potassium hydroxide dissolutions and, likewise, there will be no need for an electrolyte generator.
Performance of the method
Since performance of this apparatus is well known for the common inorganic anions through commercial information on applications, this study was restricted to the HAAs and bromate, chlorite and chlorate anions, except for linearity.
Linearity
Five multicomponent solutions with standards of the 19 analytes were prepared in 1.6 mM Na 2 CO 3 þ 0.5 mM NaHCO 3 . Triplicate injections were made in order to obtain five-point calibration curves (Table 1) . From the beginning, the aim was to quantitate all analytes with the conductivity detector. At the concentrations of points 3 to 5, all the analytes could be quantitated with either of the detectors; but at those of points 1 and 2, only BrO 3 À , ClO 2 À , ClO 3 À (this needed subtraction of BCA), MCA, MBA, DCA, BDCA and CDBA. In addition, at the concentrations of point 1, the mass spectrometer detector was only able to quantitate MCA, MBA, DCA, BCA and DBA.
Eventually, it was decided that the quantitation of inorganic anions be performed using conductimetry and that of the HAAs by MSD.
Detection limits
These were determined in a natural matrix only for the disinfection by-products, that is, HAAs and bromate, Table 2 .
Precision
This was studied in the same matrix at two levels of concentration: 5 and 10 μg L À1 for MCA, MBA, DCA and BCA; 5 and 20 μg L À1 for DBA; 10 and 50 μg L À1 for TCA, BDCA and CDBA; 20 and 100 μg L À1 for TBA; 5 and 50 μg L À1
for BrO 3 À , 10 and 500 μg L À1 for ClO 2 À and ClO 3 À . Each of the two multicomponent solutions was injected seven times. Table 2 shows the values expressed as variation coefficients.
Application to disinfected waters
Replicates of municipal drinking waters from eight cities in the region of Castile and Leon (January 2012) were analysed. Enormous differences can be identified (Table 3) between the individual values, to a greater extent higher for the less chlorinated species, particularly for the MCA.
The total HAA contents are of greater than or equal to the As variation coefficient, at two levels of concentration (higher-lower). • A study on the addition of acetonitrile or (even better) methanol solvent in order to enhance volatility of the analytical stream before it enters this interface is also advisable. In all probability, all this would improve the sensitivity by one order of magnitude or more. Furthermore, during the experimental part of this work, a new • Since the instrumentation used for this study is becoming more and more common in waterworks laboratories, this procedure can help in monitoring for the self-control and optimization of drinking water treatments, aimed at attenuating the formation of disinfection by-products. This is especially interesting for communities or countries in which regulations concerning disinfection by-products other than THMs are being implemented.
• Quite high values were found for the concentrations of HAAs and bromate in most of the eight municipal drinking waters of Castile and Leon analysed (January 2012).
In addition, enormous differences were found for the individual values of each HAA, to a greater extent higher for the less chlorinated species.
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